Posttranslational modification by the ubiquitin homologue, small ubiquitin-like modifier 1 (SUMO-1), has been established as an important regulatory mechanism. However, in most cases it is not clear how sumoylation regulates various cellular functions. Emerging evidence suggests that sumoylation may play a general role in regulating protein-protein interactions, as shown in RanBP2͞ Nup358 and RanGAP1 interaction. In this study, we have defined an amino acid sequence motif that binds SUMO. This motif, V͞I-X-V͞ I-V͞I, was identified by NMR spectroscopic characterization of interactions among SUMO-1 and peptides derived from proteins that are known to bind SUMO or sumoylated proteins. This motif binds all SUMO paralogues (SUMO-1-3). Using site-directed mutagenesis, we also show that this SUMO-binding motif in RanBP2͞ Nup358 is responsible for the interaction between RanBP2͞Nup358 and sumoylated RanGAP1. The SUMO-binding motif exists in nearly all proteins known to be involved in SUMO-dependent processes, suggesting its general role in sumoylation-dependent cellular functions.
Posttranslational modification by the ubiquitin homologue, small ubiquitin-like modifier 1 (SUMO-1), has been established as an important regulatory mechanism. However, in most cases it is not clear how sumoylation regulates various cellular functions. Emerging evidence suggests that sumoylation may play a general role in regulating protein-protein interactions, as shown in RanBP2͞ Nup358 and RanGAP1 interaction. In this study, we have defined an amino acid sequence motif that binds SUMO. This motif, V͞I-X-V͞ I-V͞I, was identified by NMR spectroscopic characterization of interactions among SUMO-1 and peptides derived from proteins that are known to bind SUMO or sumoylated proteins. This motif binds all SUMO paralogues (SUMO-1-3). Using site-directed mutagenesis, we also show that this SUMO-binding motif in RanBP2͞ Nup358 is responsible for the interaction between RanBP2͞Nup358 and sumoylated RanGAP1. The SUMO-binding motif exists in nearly all proteins known to be involved in SUMO-dependent processes, suggesting its general role in sumoylation-dependent cellular functions.
Ubc9 ͉ posttranslational modification ͉ protein-protein interaction ͉ RanBP2 ͉ Nup358 P osttranslational modification by the ubiquitin homologue, small ubiquitin-like modifier 1 (SUMO-1), has been identified as an important mechanism for cellular regulation of transcription, DNA repair, cell cycle progression, protein intracellular trafficking, and nuclear receptor activities (1) (2) (3) (4) (5) . More than 60 SUMO-1 target proteins and two diseases linked to SUMO-1 modification have been reported (3, 6, 7) . Two SUMO paralogues, SUMO-2͞3, are closely related and share 97% amino acid sequence identity (8) but are only 46% and 48% identical to SUMO-1, respectively. The in vivo functions of SUMO-2͞3 modifications appear to be distinct from that of SUMO-1. All three SUMO paralogues are attached to substrate proteins through a biochemical pathway similar to that of ubiquitination (9) . Despite the sequence differences between SUMO-1 and SUMO-2͞3, the activation enzyme E1 and conjugation enzyme E2 do not discriminate among the three SUMO molecules (10) .
Despite increasing information on the importance of SUMO modification in cellular regulation, the mechanism by which SUMO modification regulates these processes is not well understood. Posttranslational modifications, such as phosphorylation and ubiquitination, and now evidently also sumoylation, modulate proteinprotein interactions (11, 12) . For example, sumoylation of Ran-GAP1 results in its interaction with the nuclear pore protein RanBP2͞Nup358 (13, 14) . Transcription factors P300 and Elk-1, when modified by SUMO-1, recruit histone deacetylase 6 (HDAC6) (15) and HDAC2 (16), respectively.
SUMO modification is likely to provide a new binding site for interactions with other proteins. In principle, SUMO modification could regulate the activity of a protein by altering its conformation. However, this is unlikely to be a general phenomenon, because SUMO modification sites are often located in extended loops, such as in RanGAP1 (17) , or in an unstructured terminus, such as in p53 (18) . In addition, the modification sites do not appear to require regular secondary structures (19) . If SUMO modification provides a site for binding to other proteins, SUMO-binding motifs (SBM) on interacting proteins are likely to be responsible for these sumoylation-dependent proteinprotein interactions. However, SBM has not been well defined to date. The previously identified ⌽KXE motif binds the E2 enzyme for covalent modification by SUMO but does not bind to SUMO noncovalently (19) .
A previous study (20) suggested a putative SBM based on sequence alignment of proteins associated with sumoylated p73␣ protein in a yeast two-hybrid screen. This putative motif consists of the Ser-X-Ser sequence flanked by three or four acidic residues at the C terminus and a few hydrophobic residues at the N terminus. Interaction between sumoylated targets and this SXS motif, however, was never tested by direct binding experiments. Here, we initially characterized the direct interactions between SUMO-1 and two peptides suggested from the previous study (20) by using NMR spectroscopy. Unexpectedly, these initial NMR studies showed that the SXS motif is not involved in interactions with SUMO-1. We thus undertook investigations to identify the true SBM and to demonstrate interaction between SUMO-modified RanGAP1 and this newly defined SBM within RanBP2͞Nup358. This motif exists in nearly all cellular proteins that have been shown to be involved in sumoylation-dependent processes, thereby suggesting that this motif plays an important role in cellular functions modulated by SUMO modification.
Materials and Methods
Peptide Synthesis. Peptides were synthesized by the Peptide Synthesis Core Facility at the City of Hope, purified by HPLC, and verified by mass spectrometry.
Expression and Purification of Recombinant Proteins. 13 
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Nenriched human SUMO-1 (1-97), Ubc9, and SUMO-3 were expressed and purified as described (10) . A DNA fragment encoding amino acids 2596-2836 of human RanBP2 was generated by PCR and inserted into pGEX1 T vector (Amersham Pharmacia Biosciences). Mutants of RanBP2 were generated by using the QuikChange site-directed mutagenesis kit (Stratagene) (see Supporting Text, which is published as supporting information on the PNAS web site), confirmed by sequencing, expressed by the Escherichia coli strain BL21(DE3), and purified by glutathione agarose.
MHz NMR spectrometer equipped with four channels, pulsedfield gradient, and pulse-shaping capabilities.
Two-dimensional NOESY, total correlation spectroscopy (TOCSY) (21) , and 15 N-filtered NOESY and TOCSY spectra were acquired as described (22) . Four millimolar unlabeled peptide was titrated into the sample containing 1 mM 13 N-labeled SUMO-1. The assignments of free SUMO-1 and its complexes with each of the three peptides at pH 6.8 were obtained by using a combination of HNCA, CBCA(CO)NH, and CC(TOCSY-CO)NH spectra (23) .
Isothermal Titration Calorimetry (ITC) Measurements. ITC measurements were performed at 30°C by using a Microcal (Amherst, MA) VP-ITC calorimeter. Protein and peptide samples were buffered with 20 mM Tris, pH 7.6͞5 mM 2-mercaptoethanol and thoroughly degassed before use. The concentrations were determined by amino acid analysis. The sample cell (1.4 ml) contained either Ϸ100 M SUMO-1 or Ϸ50 M SUMO-3. A total of 29 injections of 10 l of peptide solution (Ϸ1 mM) were carried out at 3-min intervals. The heat generated due to dilution of the titrants (peptide) was subtracted for baseline correction. The baseline-corrected data were analyzed with Microcal ORI-GIN Ver. 5.0 software. Experiments were duplicated.
Calculations of Electrostatic Potentials. The surface electrostatic potentials for SUMO-1 were calculated by using the DELPHI module of INSIGHTII (Micron Separations, Westboro, MA) and the NMR structure of SUMO-1 (24), as described (25) .
Protein-Binding Assay. The cDNA coding for human RanGAP1 was cloned into pBluescript vector (Stratagene). The in vitro protein-binding assays were performed as described (13) . Briefly, in vitro-translated RanGAP1 or purified recombinant Ubc9 was used to bind to the RanBP2 domains immobilized on the microtiter plates. Autoradiography or Western blot after SDS͞PAGE was used to detect bound RanGAP1 or Ubc9, respectively.
Results
Defining the Region in PIASX That Forms Direct Interactions with
SUMO-1. We used NMR spectroscopy to investigate SUMO-1 binding by a synthetic peptide (PIASX-P, see Fig. 1A ) corresponding to the PIASX sequence containing the SXS motif followed by a few acidic residues. PIASX belongs to a protein family that was originally identified as protein inhibitor for activated STAT transcription factors and is known to possess the E3 ligase activity for SUMO conjugation (26) . A member of this family, PIASy, colocalizes with SUMO-1͞2 in the promyelocytic leukemia (PML) nuclear bodies (NB) (27) and thus may bind to SUMO-1 and͞or -2 or to the SUMO-1 and͞or -2 moieties of modified proteins. The synthetic PIASX-P contains a sequence that is conserved among the PIAS family members (20) .
NMR chemical shift perturbation is extremely sensitive to molecular interactions. Addition of unlabeled PIASX-P to 15 N-13 C-enriched SUMO-1 resulted in chemical shift changes of specific amino acid residues of SUMO-1, thus confirming that the peptide binds SUMO-1 specifically (Fig. 1 A) .
Reciprocally, 15 N-filtered TOCSY and NOESY spectra were used to selectively identify residues in PIASX-P that complex with labeled SUMO-1. Superposition of the TOCSY spectrum of free PIASX-P and the 15 N-filtered TOCSY spectrum of the peptide complexed with 15 N- 13 C-enriched SUMO-1 (Fig. 1B) unexpectedly suggested that the SXS motif within PIASX-P (20) , including the central SXS triplet followed by several acidic residues, was not involved in binding SUMO-1. Instead, the segment from Val-2 to Ile-9 of PIASX-P showed the most significant chemical shift changes, indicating that these residues were responsible for binding SUMO-1 (Fig. 1B) .
To further confirm that this N-terminal region of PIASX-P was responsible for SUMO-1 binding, another peptide (PIASX-N) was synthesized that corresponded to residues Val-2 to Glu-10 of PIASX-P (Fig. 1C) with the previously suggested core consensus sequence of the SBM deleted. The interaction between PIASX-N and SUMO-1 was examined by using 15 N-1 H HSQC spectra (Fig. 1C) . The PIASX-N peptide induced nearly identical chemical shift changes in SUMO-1 as did PIASX-P, suggesting that the two peptides interacted with SUMO-1 in an identical fashion.
We also used ITC to compare the interactions among SUMO-1 and the peptides PIASX-P and PIASX-N (Fig. 1 D, E , and G). Consistent with the finding from NMR studies, the binding affinity between SUMO-1 and PIASX-N was similar to that between SUMO-1 and PIASX-P, and the small differences may be due to the uncertainties in the estimation of peptide concentrations by amino acid analysis. These data confirm that the N-terminal hydrophobic region of PIASX-P and not the previously suggested SXS motif is responsible for binding SUMO-1. Interestingly, the interaction is both enthalpy and entropy driven, consistent with the hydrophobic nature of the interactions.
Identification of Residues in the PML Protein Responsible for Binding
SUMO-1. PML was initially identified in acute promyelocytic leukemia, in which PML is fused to the retinoic acid receptor, resulting in disaggregation of the PML NBs (7). Sumoylation of PML is an initiating event for PML NB formation (28) . Additionally, PML has been reported to associate with sumoylated p73␣ in a yeast two-hybrid experiment (20) . To define the consensus amino acid sequence for binding SUMO-1, we prepared a second synthetic peptide (PML-P; Fig. 2A ) corresponding to a region of PML that contains the SXS triplet and the C-terminal acidic-amino acid region. NMR experiments similar to those described above were performed to characterize the interaction between PML-P and SUMO-1. The superimposed 15 N-1 H HSQC spectra of SUMO-1, free and in complex with PML-P, indicated that PML-P complexed SUMO-1 specifically (Fig. 2 A) . However, superposition of the TOCSY spectrum of free PML-P and 15 N-filtered TOCSY spectrum of PML-P in complex with the 15 N-13 C-labeled SUMO-1 (Fig. 2B) demonstrated that the residues involved in direct association with SUMO-1 are the hydrophobic residues including Val-7, Val-8, Val-9, and Ile-10 but not the residues that constitute SXS motif suggested by Minty et al. (20) .
Defining the Consensus Sequence of the SBM. The SUMO-binding regions in PML-P and PIASX-N do not show clear sequence similarity. Therefore, chemical shift perturbation was used to investigate whether PML-P and PIASX-P bind to the same region of SUMO-1. Plots of chemical shift changes in SUMO-1, upon binding to PIASX-P (Fig. 3A) or to PML-P (Fig. 3B) , revealed that both peptides bind to similar regions of SUMO-1. This suggested that both peptides should contain the same amino acid sequence motif responsible for the interaction. Sequence comparison of PIASX-N and PML-P suggested the consensus sequence V-X-V-I for the SBM (Fig. 3D ).
Val and Ile are similar amino acids with branched aliphatic side chains. Thus it is possible that Val and Ile are interchangeable for interaction with SUMO-1. Allowing interchange of Val and Ile in the SBM resulted in the identification of potential SUMO-1 interaction sequence V-L-I-V in RanBP2͞Nup358 and in SAE2, a subunit of the SUMO activation enzyme (Fig. 3D) . To test SUMO binding by this sequence, we synthesized a peptide with the sequence D-D-V-L-I-V-D corresponding to the sequence in SAE2 (referred to as SAE2-P), which has the Val and Ile exchanged in the third and fourth positions relative to that in PML and PIASX (Fig. 3D) . NMR studies demonstrated that this peptide specifically interacts with SUMO-1 (Fig. 6 , which is published as supporting information on the PNAS web site) in the same region as does PIASX-P or PML-P (Fig. 3C) . These results also confirmed that valine and isoleucine are exchangeable in the sequence of the SBM (Fig. 3D) .
Interaction with SUMO-3 and the Sequence-Dependent Binding Affinities. The SUMO-1 residues that are perturbed by complex formation with the peptides cluster together in the 3D structure (Fig. 4 A and B) . These residues at the binding interface of SUMO-1 are relatively conserved among SUMO-1, -2, and -3, suggesting that this SBM can interact with all three SUMO paralogues. Using SUMO-3 as a representative of the nearly identical SUMO-2͞3, ITC measurements established that SUMO-3 binds to PIASX-N with a similar affinity as SUMO-1 (Fig. 1 F and G) . The differences in binding affinities and thermal dynamic profiles between SUMO-1 and SUMO-3 upon complex formation with PIASX-N may reflect the differences in the sequences between the SUMO paralogues. Thus, this SBM interacts with all three SUMO paralogues but with different affinities and thermal dynamic profiles. NMR-binding experiments also indicated that the affinity between SUMO-1 and the SBM of a protein depended on the sequence context of the motif. Among the three peptides studied, PIASX-P binds to SUMO-1 with an exchange rate between the free and bound form that is ''slow'' relative to NMR chemical shift timescale (Fig. 7 A and B , which is published as supporting information on the PNAS web site). Both the PML-P and SAE2-P peptides bind to SUMO-1 in fast exchange relative to the chemical shift timescale (Fig. 7 C and D) . Thus their dissociation constants can be estimated directly from NMR chemical shift perturbation, as 93.5 Ϯ 67.1 M and 68.8 Ϯ 41.8 M, respectively. The affinities between the SBM-containing peptides and SUMO are similar to those between ubiquitinbinding motifs and ubiquitin (29, 30) .
Role of the SBM in RanBP2-RanGAP1 Interaction. The interaction between RanGAP1 and RanBP2 (a component of nuclear pore complexes) is a prototype of sumoylation-mediated proteinprotein interaction. In the nuclear import process, binding of sumoylated RanGAP1 to RanBP2 is required for cargo to associate with importin upon hydrolysis of RanGTP (13, 14) . The same region of RanBP2 that interacts with sumoylated RanGAP1 also possesses E3 ligase activity for SUMO modification (31) . In this report, we have identified residues 2632-2635 of RanBP2 as a SBM (Fig. 5A) , and this result is consistent with published data. For example, fragments of RanBP2 covering this region bind sumoylated RanGAP1 specifically but not the unmodified RanGAP1 (13, 32) . Saitoh et al. (32) also showed that RanBP2 fragments that were truncated in this region (i.e., a fragment encompassing residues 2633-2761) lost the ability to pull down sumoylated RanGAP1.
To confirm our hypothesis that the SBM of RanBP2 is critical for RanBP2's affinity for sumoylated RanGAP1, we individually mutated the three critical hydrophobic residues within RanBP2 (residues 2596 -2836; V2632K, V2632I, I2634K, V2635K, V2635A, or V2635E) to test their roles in binding SUMOmodified RanGAP1 (Fig. 5A ). This region of RanBP2 is not predicted to form any regular secondary structures, and the entire RanBP2 fragment does not form a defined 3D structure, as indicated by the lack of NMR chemical shift dispersion (data not shown). Therefore, the dramatic mutation of hydrophobic V to K (basic) or E (acidic), or the conservative mutation of V2635A, should not affect the structural integrity of RanBP2. Mutation of V2632I investigates whether Val at the first position of the SBM can be replaced by Ile. Additionally, although acidic residues immediately adjacent to the V-L-I-V sequence are not conserved among the proteins containing the SBM (Fig. 3D) , they could contribute to the affinity of the interaction, because the surface of SUMO-1 that binds to the SBM contains positively charged potentials (Fig. 4B) . Thus, two additional, individual mutations, D2631A and E2637A, were prepared. Both the wild-type and mutant proteins were expressed and purified as described in Materials and Methods.
We adopted the pull-down assay used previously (13) to investigate binding between sumoylated RanGAP1 and the wild-type and mutant RanBP2 domains. Both RanGAP1 and sumoylated RanGAP1 (labeled with [ 35 S]-methionine) were produced during the coupled in vitro transcription͞translation process by using rabbit reticulocyte lysates. Evidently, rabbit reticulocyte extracts contain the necessary factors for SUMO-1 modification (Fig. 5B, first lane) (13) . Both products appeared as doublets, possibly due to translation initiation from an internal ATG codon in RanGAP1's cDNA. In the pull-down assay, sumoylated RanGAP1, but not the unmodified Ran-GAP1, complexed with wild-type RanBP2 and with several mutants, and the intensity of sumoylated RanGAP1 pulled down was ordered as: wild type Ͼ V2632I Ͼ D2631A Ϸ E2637A Ͼ V2635E Ϸ V2635A. The V2632K, I2634K, and V2635K mutants did not interact appreciably with either the modified or unmodified RanGAP1. No or diminished interaction of sumoylated RanGAP1 with the mutant RanBP2 was not likely due to disruption of the structural integrity of RanBP2, because all wild-type and mutant proteins maintained the ability to interact with Ubc9 (Fig. 5C ). In addition, it is not likely that the mutation in SBM disrupted the sumoylation-independent interaction between RanBP2 and RanGAP1, because the region on RanBP2 that was sensitive to the structural integrity of RanGAP1 is distinct from the region that contains the SBM (13) . This result demonstrated that the hydrophobic residues within the SBM of RanBP2 are critical for specific interaction with sumoylated RanGAP1. Negative electrostatic potentials contribute to the affinity of the interaction but are not essential. Thus, the SBM within RanBP2 is functionally significant to mediate the proteinprotein interaction of the nuclear pore complex. This finding indicates the functional importance of the SBM identified in this study in sumoylation-dependent cellular processes.
Discussion
Identification of the SBM. Posttranslational modification by the ubiquitin homologues SUMO-1, -2, and -3 plays important roles in diverse cellular processes. Like ubiquitin signaling, SUMO signaling likely occurs through interactions between SUMO moieties of modified target proteins and SBMs within functionally significant protein partners. In this study, we have defined a previously undescribed SBM. Despite the analogous features between SUMO and ubiquitin, this SBM does not resemble ubiquitin-binding motifs nor does it bind to the region of SUMO that is equivalent to the region of ubiquitin interacting with the ubiquitin interaction motifs (Fig. 4) . Additionally, this motif binds to all three SUMO paralogues.
Specificity Control in SUMO-Mediated Protein-Protein Interactions.
How is specificity controlled in sumoylation-mediated proteinprotein interactions by using such a SBM? Previously, the affinity of the interaction between RanBP2 and sumoylated RanGAP1 was shown to depend on the size of the RanBP2 fragments used, and furthermore, SUMO-1 could not compete with sumoylated RanGAP1 for binding to RanBP2 (13, 14) . RanBP2 might contain additional site(s) for SUMO-independent interaction with RanGAP1, but such interaction would be too weak to be functionally important by itself and to be detectable by standard biochemical methods. Despite the weak interaction, it contributes synergistically to the association between RanBP2 and sumoylated RanGAP1. This is expected based on a thermodynamic principle: the dissociation constant is related to the free energy changes associated with the interaction by ⌬G ϭ ϪRTlnK d , where R is a thermal dynamic constant and T is temperature. When the interaction contains two contributions, addition of the free energy changes due to two interactions leads to multiplication of the dissociation constants of the two independent interactions [lnK dtotal ϭ lnK d1 ϩ lnK d2 ϭ ln(K d1 ⅐K d2 )]. For example, let's assume that RanGAP1 and RanBP2 bind to each other with a dissociation constant of 1 mM in the absence of SUMO-1 modification. This affinity is physiologically insignificant and too weak to be detected by standard biochemical methods. However, this interaction can significantly decrease the dissociation constant for the association between sumoylated RanGAP1 and RanBP2 by a factor of 1,000. In this way, SUMO modification plays a critical regulatory role in protein-protein interactions, not only in this example, but also in other cellular functions. The dynamic SUMO conjugation and deconjugation system in cells thus provides a rapid and efficient control of cellular protein-protein interactions.
Functional Implication of the SBM in Other Proteins. The V͞I-X-V͞ I-V͞I motif exists in nearly all proteins related to SUMOdependent processes. SUMO modification of PML is a prerequisite for PML NB formation and recruitment of PML NB components, including autoantigen Sp100 (33), transcription factor Daxx (34) , and transcriptional coactivator CBP (28, 35) . Interestingly, all these known PML NB components contain the SBM. Histone modifications, including acetylation, are important regulatory mechanisms for gene expression (36) . The SUMO-modified transcriptional coactivator P300 and transcription factor Elk-1 recruit HDAC6 (15) and HDAC2 (16) , respectively, to specific target promoters where they repress transcription. The SBM motif is found in both HDACs. Furthermore, the SBM is found in other proteins that have not been shown to associate with SUMO-dependent processes. It is possible that the SUMO-dependent processes involving these proteins remain to be identified. It is also possible that a given SBM may not be functionally exposed in a protein structure. For example, many proteins harbor one or multiple SUMO consensus modification sites (KXE), but only a fraction of these sites are actually modified.
Conclusion
We have identified the consensus sequence, V͞I-X-V͞I-V͞I, as the first SBM. This motif is important for RanBP2-RanGAP1 interaction, and it is likely to play important roles in proteinprotein interactions in various cellular functions and to impart control through the dynamic SUMO conjugation and deconjugation system. 
